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Available online 30 September 2016Mitochondrial complex I is a 1MDamembrane protein complexwith a central role in aerobic energymetabolism.
The bioenergetic core functions are executed by 14 central subunits that are conserved from bacteria toman. De-
spite recent progress in structure determination, our understanding of the function of the ~30 accessory subunits
associated with the mitochondrial complex is still limited. We have investigated the structure of complex I from
the aerobic yeast Yarrowia lipolytica by cryo-electron microscopy. Our density map at 7.9 Å resolution closely
matches the 3.6–3.9 Å X-ray structure of the Yarrowia lipolytica complex. However, the cryo-EM map indicated
an additional subunit on the side of the matrix arm above the membrane surface, pointing away from the mem-
brane arm. The density, which is not present in any previously described complex I structure and occurs in about
20 % of the particles, was identiﬁed as the accessory sulfur transferase subunit ST1. The Yarrowia lipolytica com-
plex I preparation is active in generating H2S from the cysteine derivative 3-mercaptopyruvate, catalyzed by ST1.
We thus provide evidence for a link between respiratory complex I and mitochondrial sulfur metabolism.








Mitochondrial NADH:ubiquinone oxidoreductase (respiratory com-
plex I) is a 1 MDa multi-subunit membrane protein complex that has a
central role as a protonpump in eukaryotic energy conversion [1,2]. Com-
plex I couples electron transfer from NADH to ubiquinone to transloca-
tion of protons across the inner mitochondrial membrane, generating
about 40% of the proton motive force that drives ATP synthesis. Complex
I has been shown to release toxic oxygen radicals that contribute e.g. to
tissue damage in myocardial infarction [3]. Complex I dysfunction is a
common cause of mitochondrial disorders and has been implicated in
the pathogenesis of neurodegenerative diseases [4,5]. Fourteen centralsional; cryo-EM, cryo-electron
ier Shell Correlation; MST, 3-
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energetics Group, Institute of
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V. Zickermann),
. This is an open access article undersubunits that are conserved from bacteria to man form the catalytic
core of complex I. The core subunits, which are sufﬁcient for function,
are assigned to three functional modules: the Nmodule for NADH oxida-
tion, the Qmodule for ubiquinone reduction and the Pmodule for proton
pumping [2,6]. The precise roles of the ~30 accessory subunits of eukary-
otic complex I are not yet thoroughly characterized [7].
The structure of the core subunits has been determined by X-ray
crystallography of bacterial complex I [8–10]. The structure of themam-
malian complex was determined by cryo-EM at 5 Å resolution [11] and
more recently at 4.2 and 3.9 Å [12,13], and an intermediate-resolution
X-ray structure of a bovine complex I fragment has been reported
[14]. Together, these structures provide the topology of all mammalian
accessory subunits. The 3.6–3.9 ÅX-ray structure ofmitochondrial com-
plex I from the aerobic yeast Yarrowia lipolytica [15] provided insights
into the mechanism of redox-linked proton translocation and a regula-
tory switch between active and deactive forms of the enzyme. However,
detailed information on the structure and function of accessory complex
I subunits is still limited.
The family of sulfur transferases (E.C. 2.8.1) comprises a group of
proteins that catalyze the formation and interconversion of compounds
containing sulfane sulfur atoms [16]. Sulfur transferases are present in
organisms of all phyla. Although these proteins differ signiﬁcantly atthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1936 E. D'Imprima et al. / Biochimica et Biophysica Acta 1857 (2016) 1935–1942the sequence level, the tandem domain three-dimensional structure
seems to be highly conserved and resembles that of bovine rhodanese,
the most studied and best characterized sulfur transferase [17].
Abdrakhmanova et al. [18] showed that a sulfur transferase is asso-
ciated with Y. lipolytica complex I. The recent development of direct
electron detectors, improvements in image processing software algo-
rithms and faster computers have made it possible to produce high-
resolution maps by cryo-EM [19,20] and to separate particles with dif-
ferent conformations or subunit composition in the same dataset [21,
22]. We here report the cryo-EM structure of Y. lipolytica complex I.
Roughly 20% of the complexes contributing to themap had an addition-
al density on the matrix arm, which was identiﬁed as the accessory
complex I sulfur transferase subunit ST1. We discuss implications for a
link between complex I and mitochondrial sulfur metabolism.2. Materials & Methods
2.1. Protein puriﬁcation and functional characterization
Complex I was puriﬁed in dodecyl-maltoside by His-tag afﬁnity and
size exclusion chromatography [23].MST activity of complex Iwasmea-
sured using the lead sulﬁde assay [24,25]. Brieﬂy, the assaymixture con-
taining 100 mM HEPES buffer pH 7.4, 0.4 mM PbNO3, 100 μg/ml BSA,
30mMDTT and varying amounts of 3-mercaptopyruvatewas incubated
at 37 °C for 4 min. The reaction was started by addition of the protein
sample and formation of PbSwasmonitored at 390nmwith a Shimadzu
UV-2450 spectrophotometer.2.2. Cloning, protein expression and puriﬁcation of recombinant ST1
The codon-optimized st1 gene from Y. lipolyticawas cloned into the
expression vector pET-26b (Novagen, Germany) harboring a C-terminal
His6-tag. The recombinant protein was overexpressed in E. coli
BL21(DE3) pLysS cells (Novagen, Darmstadt) using liquid broth medi-
um at 37 °C and 150 rpm agitation. Expression of ST1 was induced at
OD600 of 0.5–0.6 by adding IPTG to a ﬁnal concentration of 1 mM.
Cells were harvested, resuspended in 50 mM K-phosphate pH 7.5,
200 mM NaCl and broken by several passages through a cell disruptor
(model TS, I&L Biosystems, Germany). Insoluble components were re-
moved by centrifugation at 50,000 x g at 4 °C. The supernatantwas load-
ed onto a HisTrap HP column (GE Healthcare; USA) and eluted with a
step gradient of 20 mM, 40 mM and 250 mM imidazole. The protein
was concentrated by ultraﬁltration (Amicon Ultra-4, 10 kDa cutoff;
Millipore, Germany) and loaded onto a Superdex 75 10/300 GL gel ﬁl-
tration column (GE Healthcare) equilibrated with 30 mM Tris-HCl
pH 7.5, 100 mM NaCl and 5% glycerol. Protein was concentrated to
10 mg/ml and stored at 100 K.2.3. Cryo-EM data collection
3 μl of a complex I sample at a concentration of 3 mg/ml was ap-
plied to freshly glow discharged Quantifoil R2/2 holey carbon grids
(Quantifoil Micro Tools, Germany) that had been pretreated in chlo-
roform for 1–2 h. The grids were blotted for 8–10 s at 70% humidity
and 10 °C in an FEI Vitrobot plunge-freezer. Cryo-EM images were
collected on a FEI Tecnai Polara operating at 300 kV carefully aligned
as previously described [26] equipped with a Falcon II direct detector
operating in movie mode. Images were recorded manually at a nom-
inal magniﬁcation of 59,000× yielding a pixel size at the specimen of
1.77 Å. The camera system recorded 17 frames/s as described [27].
Videos were collected for 1.5 s with a total of 24 frames with a cali-
brated dose of about 3.5 e−/ Å2 per frame, at defocus values between
−1.3 and−4.5 μm.2.4. Image processing
A set of 2250 micrographs was collected. Whole-image drift correc-
tion of each movie was performed using the algorithm developed by
[28]. Particles were picked using the semi-automatic procedure of
EMAN Boxer [29], and the micrograph-based CTF was determined
using CTFFIND3 [30] in the RELION workﬂow [31]. Where necessary,
the contrast transfer function (CTF) was double-checked using the
particle-based CTF procedure in EMAN2 [32]. The initial dataset
contained 50,314 particle images (224 × 224 pixels) from 2184 selected
micrographs. The particles were subjected to two-dimensional
reference-free and three-dimensional (2D, 3D) classiﬁcation in RELION
[31] to discard imperfect particles. Visual selection of particle classes
with interpretable features resulted in a dataset of 44,936 particle images
for theﬁrst 3D consensus reﬁnement. Amapbased on the low-resolution
X-ray structure of Y. lipolytica complex I [6] was low-pass ﬁltered to 60 Å
and used as an initial model for the 3D reﬁnement in RELION. Whole-
image drift correction [28] over all the frames was followed by statistical
movie processing, using running averages of seven movie frames and a
standard deviation of one pixel for the translational alignment. Subse-
quently the particle polishing procedure implemented in RELION 1.3
was used to account for individual beam-induced particle translations
and to calculate a frequency-dependent weight for the contribution of
individual movie frames to the reconstructions [33]. The resulting
dataset of polished particleswas used for further 2D and 3D classiﬁcation
using a soft-edge spherical mask to select the best 3D classes. Several
runs of 3D classiﬁcation with different starting seeds and different num-
ber of classes were performed to assess reproducibility and consistency.
We then applied ﬁrst a spherical mask to identify the largest difference
between the classes, followed by a soft-edged mask together with ﬁner
angular sampling and local angular search. At this stage some 3D classes
displayed an extra weak density protruding from the side of the matrix
arm. Further particle selection on the basis of extensive 3D classiﬁcation
with a ﬁner angular sampling interval of 3.75° using a soft-edge shaped
mask, made with the relion_mask_createmodule of RELION, and a local
angular search range of 5° resulted in two smaller datasets, one contain-
ing 29,125 particles showing thewell-known complex I shape and one of
9485 particles showing a prominent extra density next to the 49-kDa
core subunit (NUCM). Further sorting of the particle images recorded
close to focus [19] or with high values of the normalized probability dis-
tribution [34] did not improve the maps signiﬁcantly, probably because
these procedures work best at high resolution.
The two datasets were subjected to 3D reﬁnement in RELION and
theﬁnalmapswere post-processed formasking, B-factor determination
and map sharpening using the post-processing procedure in RELION
[35]. After post-processing the resolution was estimated by the 0.143
FSC criterion as 7.9 Å for complex I and 10.4 Å for the complex I – ST1
assembly. A further reﬁnement of the smaller dataset with local angular
search was performed in Frealign [36] version 9.11 in mode 1 using the
Euler angles, shifts and the soft-edge shaped mask previously obtained
with RELION using a global search of 3.75°. This led to an improvement
in resolution in the map displaying the extra density from 10.4 to 9.5 Å
(Fig. S1).
Before visualization all densitymapswere corrected for themodula-
tion transfer function (MTF) of the Falcon II direct detector. Maps were
sharpened with negative B-factors of 200 Å2 for complex I and 250 Å2
for complex I – ST1.
2.5. Sequence analysis and homology modelling
A homology model of ST1 was built using the PSIPRED Protein Se-
quence Analysis Workbench [37] (http://bioinf.cs.ucl.ac.uk/) and the
HH-Pred toolkit (http://toolkit.tuebingen.mpg.de/hhpred) [38] to ﬁnd
the best match between an available structure and the ST1 sequence.
From the best matches sorted by sequence identity (N40%) and cover-
age SseA, an MST of E. coli, (1URH) and the rhodanese-like protein
1937E. D'Imprima et al. / Biochimica et Biophysica Acta 1857 (2016) 1935–1942Tum1 from S. cerevisiae (3UTN) were selected. These structures were
then used as templates to build homology models for ST1 using the
server SWISS-MODEL [39] (http://swissmodel.expasy.org/).
UCSF Chimera [40] was used to visualize the cryo-EM maps, and
rigid body ﬁtting of atomic models was done using the ﬁt-in-mapmod-
ule from Chimera.
3. Results
Complex I from the aerobic yeast Y. lipolytica was solubilized in do-
decyl maltoside and puriﬁed by His-tag afﬁnity chromatography [23].
Individual complex I particles in vitreous ice on holey carbon ﬁlm
were imaged with a Falcon II direct electron detector in movie mode
(see Methods). Reference-free two-dimensional class averages show
the characteristic L-shape of complex I. Movie frames were used to cor-
rect for beam induced movement and 3D reﬁnement was performed in
RELION [31]. Particle polishing [33] was followed by further 2D and 3D
classiﬁcation. A three-dimensionalmap of Y. lipolytica complex Iwas ob-
tained from 29,125 particles and reﬁned to 7.9 Å resolution (Fig. S1).
The overall shape and dimensions of the cryo-EM map agree well with
previous structures of Y. lipolytica complex I [6,15,41]. Overall, the com-
plex is 250Å long and 190Åhighwith awidth of 75 Å for themembrane
arm and 115 Å for thematrix arm. The 200 Åmembrane arm and 130 Å
matrix arm include anangle of ~120°. The eight Fe-S clusterswere clear-
ly visible at a resolution above 11 Å (Fig. 1) at the positions of the atomic
coordinates in the X-ray structure [15]. The binuclear cluster N1a ap-
pears weaker, in agreement with earlier observations that the distal
part of the peripheral arm is the most ﬂexible region of the structure
[6,11,15].Most alphahelices in themembrane arm arewell resolved, in-
cluding the characteristic long lateral helix at the C-terminus of the cen-
tral subunit ND5. The X-ray structure of Y. lipolytica complex I [15] ﬁts
the cryo-EM map closely (Fig. 2), allowing us to assign all central sub-
units plus the large accessory subunit NUEM. Prominent density fea-
tures corresponding to previously assigned accessory subunits, e.g. the
functionally important NB4M/ACPM1 domain [42] that protrudes
from the peripheral arm, are clearly visible. In addition, we conﬁrmFig. 1.Overview of the cryo-EMmap. The complex I map at an intermediate step of reﬁnement
Fe-S clusters are clearly visible. Right: overlay of the X-ray coordinates of the Fe-S clusters [15]the position of the C-terminal zinc-binding domain of the recently char-
acterized accessory subunit NUMM [43]. Several of the density features
seen in the cryo-EM map were unassigned in the X-ray structure of
Y. lipolytica complex I. This includes a well-deﬁned density at the tip
of the peripheral arm that is in contact with the central 75-kDa subunit.
The human complex I accessory subunit NDUFA2 has a typical
thioredoxin fold. Its structure was determined by NMR spectroscopy
[44]. A homology model of the orthologous NI8M subunit closely
matched this prominent unassigned density in the cryo-EM map
(Fig. 2).
During 2D classiﬁcation a weak extra density extending from the
peripheral arm became visible in some of the subclasses. Comparison
of subclasses with the same orientation of complex I clearly showed
that the particle population was heterogeneous (Fig. S2). We con-
cluded that the sample consisted of a mixture of complex I and com-
plex I with an additional protein subunit. Robust 3D classiﬁcation
separated a subclass containing this extra subunit (see Material
and Methods section 2.4 for a more detailed description), resulting
in a map at 9.5 Å resolution that showed the extra density clearly.
The particles contributing to this ﬁnal map accounted for b20% of
the whole dataset (Fig. 3).
Notably, there was no protein corresponding to this extra density in
the X-ray structure [6,15]. The complex I from which the crystals had
been grown was puriﬁed from a strain from which the gene coding for
the accessory sulfur transferase subunit ST1 had been deleted, because
in the wild-type enzyme this subunit had been found to be present in
substoichiometric amounts and was thought to potentially interfere
with crystallization [18]. We therefore investigated the possibility that
the extra density in our map represents ST1.
The family of sulfur transferases can be divided into two subclasses
based on which substrate the enzyme uses, these are thiosulfate:sulfur
transferases (TST; E.C. 2.8.1.1) and 3-mercaptopyruvate:sulfur transfer-
ases (MST; E.C. 2.8.1.2). In TST the active-site loop displays a CRXGX[R/
T] sequence whereas MST contains CG[S/T]GVT [16]. Since the amino
acid sequence of Y. lipolytica ST1 contains the sequenceCGSGVTwe con-
clude that it most likely is an MST (Fig. S3).(11 Å resolution) shownwith UCSF Chimera [40]. Top: side view; bottom: front view. The
. The scale bar is 100 Å.
Fig. 2. Superposition of the cryo-EMmap and X-ray structure of Y. lipolytica complex I. A: a vertical cross-section through the 7.9 Å cryo-EMmapwith the ﬁtted X-ray structure (PDB ID:
4WZ7). The peripheral arm comprises the N module extending into the matrix and the Q module docking it onto the membrane arm. The membrane arm contains the P modules and
harbors the proton-pumping machinery. Modules and subunits are coloured as in the X-ray structure [15]. N module: red, 75-kDa; yellow, 51-kDa; orange, 24-kDa. Q module: green,
49-kDa; violet, 30-kDa; blue, PSST; cyan, TYKY. PD module: dark blue, ND5; cyan, ND4. PP module: lilac, ND2; red, ND4L; orange, ND6; yellow, ND3; pink, ND1. Accessory subunit
NUEM, forest green. All other accessory subunits and unassigned alpha-helices are shown in grey. B: an overview of the EM map from the peripheral arm and rotated by 90°. The
accessory subunits NI8M and NUMM are both displayed in purple, the grey asterisk highlights the domain that comprises the accessory subunits ACPM1 and NB4M. In C a horizontal
cross-section through the membrane arm at the height of the blue arrow in B shows the ﬁt of the transmembrane alpha helices (TMHs). The scale bar is 100 Å.
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sured MST activity of puriﬁed complex I. The generation of H2S in the
presence of 3-mercaptopyruvate (3-MP) and dithiothreitol (DTT) was
monitored by the lead sulﬁde assay described previously [25,24]. The
Km value of the sigmoidal kinetics was 47 μM and vmax was 6 μmol
min−1 mg−1 (Fig. 4A, Table 1). Considering that ST1 corresponds to
only 3.5% of the total mass of complex I and taking into account that
only 20% of the particles harbor the subunit, this corresponds to an ac-
tivity of 858 μmol min−1 per mg ST1 or a turnover number of ~480
s−1. To conﬁrm that this activitywas indeed linked to accessory subunit
ST1, we expressed the protein in Escherichia coliwith a C-terminal His6-
Tag attached and puriﬁed it to homogeneity by afﬁnity chromatography
and gel ﬁltration (Fig. S4). The observed sigmoidal kinetics gave a Km
value of 77 μM and a vmax of 290 μmol min−1 mg−1 (Fig. 4B, Table 1)
corresponding to a turnover number of ~170 s−1 and indicating a some-
what reduced catalytic efﬁciency of the heterologously expressedenzyme. Interestingly, electrons supplied by NADH or NADPH did not
lead to any observable MST activity and complex I puriﬁed from the
ST1 deletion strain [18] did not show any H2S formation in presence
of 3-MP and DTT. These results clearly demonstrate that the observed
sulfur transferase activity of parental complex I can be unequivocally
assigned to accessory subunit ST1.
Since the structure of ST1 from Y. lipolytica has not been determined
we used its amino acid sequence to generate homology models based
on the sulfur transferase SseA of E. coli (PDB ID:1URH) and the
rhodanese-like protein Tum1 from Saccharomyces cerevisiae (PDB ID:
3UTN) (Fig. 5). The model based on the 3UTN template was superior,
as judged by sequence identity (≥35%), sequence coverage after align-
ment (≥90%) and model quality assignment (GMQE value ≥65%). The
model exhibited the typical architecture of two rhodanese-like domains
(RLD) and resulted in an excellent ﬁt to the density protruding from the
lateral side of the soluble arm (Fig. 5). The N-terminal domain attaches
Fig. 3. Three-dimensional classiﬁcation. Overview of the 3D class averages obtainedwith a soft-edgedmask, all displayed at the same density level. The classes are numbered from 1 to 7.
The percentage of particles in each class is indicated, corresponding to 8735, 6677, 4471, 6332, 8505, 4980, 5229 for classes to 1 to 7 respectively. Two class averages display an extra
density on the peripheral arm (red circles); the ﬁnal reﬁned map combining the particles from these classes is shown in cyan.
Fig. 4. Kinetics of H2S generation from 3-mercaptopyruvate by ST1. The generation of H2S
was monitored by the lead sulﬁde test [24,25]. A, kinetics for complete complex I; B,
kinetics for isolated ST1 overexpressed in E. coli. Note that ST1 accounts for 3.5% of the
total mass of complex I and only ~20% of the complex I molecules contain ST1.
1939E. D'Imprima et al. / Biochimica et Biophysica Acta 1857 (2016) 1935–1942to complex I and the catalytic cysteine is located in the distal part of ST1
(Fig. 5). ST1 extends about 50 Å from the soluble arm of complex I, ap-
proximately 30 Å above the central plane through the detergent belt
surrounding complex I in the 3D map, and thus close to the membrane
surface on the matrix side. Fig. 6 shows the reﬁned maps of complex I
with or without ST1 with the ﬁtted X-ray structure of Y. lipolytica
complex I.4. Discussion
The 7.9 Å resolution cryo-EMmap of respiratory complex I from the
aerobic yeast Y. lipolytica matches the recently published X-ray struc-
ture of the same complex closely [15]. The close correlation between
the two structures proves that it is the same in detergent solution and
3D crystals and in particular that the X-ray structure is not distorted
by crystal packing. Guided by the X-ray structure, assignment of all 14
central subunits and accessory subunit NUEM was straightforward.
The 64 transmembrane helices (TMHs) of the core subunits in themem-
brane arm of the EMmapmatch the X-ray structure exactly. Most of the
remaining 18 unassigned helices in the X-ray structure are also visible.
Even though the nominal resolutionwas lower, the excellent quality
of the cryo-EMmapmade it possible to assign structural elements in re-
gions that were less clear and could not be modeled in the X-ray map.
We were able to ﬁt the accessory subunit NI8M in agreement with the
assignment of the orthologous subunit in bovine complex I [11] and to
conﬁrm the position of accessory subunit NUMM that was recently
assigned aided by biochemical and modelling studies [43].Table 1
MST kinetics.
Km (μM) vmax (μmol min−1 mg−1) Hill coefﬁcient
Complex I 47 ± 6 6.0 ± 0.5 1.44
Recombinant ST1 77 ± 11 290 ± 30 1.99
Fig. 5. ST1 model ﬁtted into the cryo-EM map. Fit of the ST1 homology model (gold) seen from three different directions (upper and lower left panel). Scale bar: 100 Å. The lower right
panel shows an overlay of the homologymodel of ST1 (gold) with the structures used to generate it, the sulfur transferase SseA of Escherichia coli (1URH) in pink and the rhodanese-like
protein Tum1 from Saccharomyces cerevisiae (3UTN) in light blue. Note that although these proteins differ at the sequence level, the tandem domain three-dimensional characteristic of
sulfur transferases is preserved. The N terminus is indicated by a star and the C terminus with a triangle. A red asterisk shows the position of the catalytic cysteine. Scale bar: 15 Å.
1940 E. D'Imprima et al. / Biochimica et Biophysica Acta 1857 (2016) 1935–1942The density of the ST1 subunit in the map is similar to that of the
other subunits and the local resolution is also the same (Fig. S5), indicat-
ing that ST1 is bound in a rigid and speciﬁcmanner. ST1 is located on the
side of the peripheral arm at the height of the central 49-kDa subunit.
There is a clear unassigned density at the interface between the 49-
kDa and ST1 components that must belong to one of the remaining ac-
cessory subunits. It was recently shown that a complex I mutant lacking
accessory subunits NUMMand N7BM also lacks subunit ST1 completely
[43]. We propose that the three proteins interact and that N7BM in
Y. lipolytica complex I accounts for the unassigned density at the inter-
face between ST1 and the peripheral arm. This assignment is supported
by the recent maps of mammalian complex I where the accessory sub-
units 13 kDa and B17.2 (orthologues of NUMM and N7BM) reside in
this area of the soluble arm [12,13].
Although the well-deﬁned ST1 map density suggests a ﬁrm interac-
tionwith complex I, ST1 is known to dissociate during BN-PAGE [45]. In
line with a previous study [18], our analysis showed that after puriﬁca-
tion by column chromatography ST1 is clearly substoichiometric,
indicating that it can dissociate easily. An association of a sulfur transfer-
ase with complex I has so far not been observed, even though biochem-
ical evidence has long suggested a functional link of mitochondrial
sulfur metabolism to the respiratory chain [46–49].
Sulfur transferases are ubiquitous enzymes associatedwith essential
physiological processes including cysteine metabolism, cyanide detoxi-
ﬁcation, thiolation of tRNA and control of cellular redox homeostasis
[50–52]. H2S released from sulfur transferase is thought to be an impor-
tant signaling molecule with regulatory functions in higher organisms[52,53]. Impaired activity of MST in humans causes mercaptolactate-
cysteine disulﬁduria (MCDU), a rare inheritable disorder that causes be-
havioral abnormalities such as mental retardation, hypokinetic behav-
ior, and tonic-clonic seizures [54].
Previously it was shown that ST1 has no role in the assembly of com-
plex I, e.g. by providing sulfur for iron-sulfur cluster biogenesis [18].
Here, we showed that ST1 is a functional MST, in linewith sequence pre-
dictions. The generalmechanismproposed forMSTs involves the conver-
sion of 3-mercaptopyruvate originating from cysteine to pyruvate and
MST-bound persulﬁde, which in the presence of a reducing agent is
eventually released as H2S. The identity of the reducing agent is still un-
clear, but thiol containing compounds like thioredoxins and glutathione
are abundant in the mitochondrial matrix. Thioredoxin or dihydrolipoic
acid were suggested to accept and reduce a sulfur atom from an enzyme
bound persulﬁde intermediate in the reaction cycle of human MST [55].
H2Swas not generatedwhenNADH orNADPHwere used as electron do-
nors, excluding a direct link with the redox chemistry of complex I. This
observation is in agreement with a separation of the active site cysteine
of ST1 in ourmodel and the nearest iron-sulfur cluster by N60Å,which is
too far for efﬁcient electron transfer.
Apart from the beneﬁcial generation of H2S as a signaling molecule,
the MST reaction might also have negative effects for the cell as H2S is
known to be toxic and to inhibit cytochrome c oxidase [56,57]. Accumu-
lation of H2S to toxic levels could be prevented by directly linking its
production in ST1 to a pathway for H2S consumption. In mitochondria
H2S detoxiﬁcation is executed by sulﬁde quinone reductase (SQR), a
ubiquitous ﬂavoprotein that feeds electrons into the respiratory chain
Fig. 6. Comparison of cryo-EMmapswith andwithout ST1 density. Complex I without ST1 at 7.9 Å resolutionwith ﬁtted X-ray structure (upper panel). The low density level matches that
of complex I with ST1 at 9.5 Å resolution in the lower panel, with ﬁtted ST1 homology model. The X-ray structure is colored according to [15]. Scale bar: 100 Å.
1941E. D'Imprima et al. / Biochimica et Biophysica Acta 1857 (2016) 1935–1942via ubiquinone [58]. So far, a gene coding for an SQR has not been iden-
tiﬁed in the Y. lipolytica genome, and the similarity between NDH-2 and
SQR sequences complicates unequivocal assignments [59]. Our working
hypothesis is that an SQR in themitochondrialmembrane of Y. lipolytica
might interact with ST1 bound to complex I. The dimensions of the gap
between ST1 and the membrane would easily accommodate a typical
SQR with its predominantly membrane-extrinsic topology [60–62]
and such an arrangement would locate SQR close to a source of H2S. It
is tempting to speculate that complex I provides a structural scaffold
that links biogenesis of H2S with its instantaneous detoxiﬁcation and
ubiquinone reduction.
Taken together, our data provide structural evidence for a link be-
tween sulfur metabolism and respiratory complex I. To our knowledge
our ﬁndings show for the ﬁrst time an accessory subunit of respiratory
complex I that is enzymatically active. Further work is needed to under-
stand the precise role of ST1 in mitochondrial sulfur metabolism.
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